ABSTRACT This experiment was conducted to evaluate the combined effects of manganese-amino acid complex and arginine supplementation on the immune competence of broilers. On the day of hatch 640 male Cobb 500 broiler chicks assigned to two study groups (immune stimulate and non-stimulated). A 2 × 2 factorial arrangement of treatments was used with two manganese sources (MnSO 4 or manganese-amino acid complex -MnAA) and two digestible Arg:Lys ratios (1.12 or For treatments 1 and 2, the digestible Arg:Lys ratio was 1.12, considered normal for corn-soybean meal-based diets. Birds in the immune stimulated group received a dose of Salmonella Enteritidis vaccine. For growth performance and lymphoid organ development, no significant results were observed. Non-stimulated birds fed diets with Arg supplementation had higher percentage of mucosal T helper, T helper and T cytotoxic, compared to the normal Arg:Lys ratio (1.12). In the immune stimulated birds, broilers fed exclusive IM diet had a higher amount of T helper, T cytotoxic, activated T cytotoxic, and APC cells compared to broilers fed MnAA. The inorganic Mn diets, resulted in higher humoral antibody level (increased IgM levels) only when associated with supplementation of L-Arg. However, the use of an associated Mn source, could support high levels of IgM in commercial levels of Arg. No differences were observed to macrophage phagocytic activity analyses.
INTRODUCTION
Economic loss due to enteric diseases is an important problem in the animal food industry, in spite of powerful health technologies such as all-in/all-out management, sanitation, biosecurity, vaccines, and others (Hardy, 2002) . These losses may be worsened by the ban of the use of antibiotics as growth promoters in farm animals in the European Union in 2006 (Castanon, 2007) , and the continuous pressure for reducing the use in the United States and Brazil.
One way to improve immune response and avian health is through the use of nutritional supplements (Kidd, 2004) . Chickens do not produce citrulline in the intestine that is a precursor of arginine (Arg) (Kidd et al., 2001) , which makes it an essential amino acid for broilers (Wu et al., 2010) . Hence, studies have pos-C 2018 Poultry Science Association Inc. Received May 16, 2018. Accepted December 5, 2018. 1 Corresponding author: amburin.jr@usp.br tulated that the serum level of Arg is influenced by its concentration in the diet and also protein breakdown in catabolic conditions (Kwak et al., 1999 (Kwak et al., , 2001 . In addition, studies show that arginine-deficient diets led to poor development of lymphoid organs (Kwak et al., 1999) , which impacts broiler immune competence. It has been shown that Arg supplementation modulates or enhances humoral and cellular immune response (Jahanian, 2009; Munir et al., 2009) , improves nitric oxide (NO) production (Wu et al., 2010) , and attenuates inflammation (Tan et al., 2014) . Arginine is degraded into ornithine, which is a precursor of polyamines, related to lymphocytes proliferation (Fernandes and Murakami, 2010) . NO may enhance non-specific immunity by non-specifically killing pathogens such as bacteria, fungi, parasites, and tumor cells (Li et al., 2009) . Studies show that immunity is supported by the addition of Arg to the diet due to the enhanced release of NO from macrophages (Lieboldt et al., 2016; Webel et al., 1998) , which is an important component of the macrophage defense against Salmonella (Xie et al., 1994) . Another important function is that NO regulates the synthesis and secretion of some immune cytokines, such as tumor necrosis factor (TNF), prostaglandin E2, interleukin, and interferon (IFN), which leads to a more wide influence on the immune function (Guo et al., 2015) . Furthermore, research has shown Arg effects on the weight of lymphoid organs (Kwak et al., 1999) , the ratio of heterophils/lymphocytes and changes to the proportion of T cell subpopulations (Lee et al., 2002; Tan et al., 2014) .
Manganese (Mn) has been identified as an important element in supporting normal immune functions in broiler chickens (Kidd, 2004) , as it interacts with heterophils and macrophages through plasma membrane cells that are involved in immune response (Hurley and Keen, 1987) . Son et al. (2007) , reported that Mn supplementation increased Natural Killer cell cytolytic capacity and macrophage cytotoxicity against tumor cells compared to control. They concluded that immune responsiveness after supplementation with magnesium (Mg) and Mn presented positive effects; however, the exact explanation of how the minerals modulate the immune response was not completely clarified. Additionally, Mn is a cofactor of arginase, a metallo-enzyme that converts Arg into ornithine (and urea) (Wu and Morris, 1998) . As Arg is a precursor of NO, through the nitric oxide synthase (NOS) enzyme, these enzymes compete for the same substrate (Wu et al., 2010) . There is a complex pathway of Arg degradation; therefore, its dietary supplementation is needed to ensure both the health of the animal and the function of the body in physiological or pathological conditions.
We hypothesized that as some organic mineral sources have been reported as a more bioavailable and with higher efficacy compared to inorganic sources (Swiatkiewicz et al., 2014) , more ornithine will be formed by the Arg breakdown through arginase, boosting the lymphocyte proliferation and supplementing with Arg enough substrate will be present to guarantee satisfactory NO production through NOS, modulating the immune system of broilers. No other study has assessed the immune modulation by the combination of Mn and Arg. The objective of this study was to evaluate the combined effects of amino acid-complexed Mn and Arg supplementation on macrophage phagocytic activity, cellular and humoral immunity, and weight of lymphocytes organ of broilers exposed to Salmonella Enteritidis as an immune stimulator.
MATERIAL AND METHODS
All animal protocols were approved by the Ethics Committee on the Use of Animals at Federal University of Paraná under protocol n o 51/2014.
Birds and Diets
On the day of hatch, 640 male, Cobb 500 broiler chicks were weighed and randomly assigned into two study groups (immune stimulated and non-stimulated).
A 2 × 2 factorial arrangement of treatments was used (2 Mn sources x 2 Arg:Lys ratio). For treatments IM and IM+MnAA, the digestible arginine:lysine ratio was 1.12, considered normal for typical corn-soybean meal based diets, which corresponds to 1.48% digestible Arg. For the treatments IM+Arg and MnAA+Arg, the 1.20 Arg:Lys ratio was obtained by the addition of 1 kg of L-Arg per ton of feed, resulting in 1.58% digestible Arg.
The organic Mn used is formed by one metal ion bound to one amino acid ion, described by the Association of American Feed Control Officials as a complex of a soluble metal salt with an amino acid. The product Availa R Mn was supplied by Zinpro Corporation (Eden Prairie, MN, USA).
The birds were kept in wired 4-level battery cages (80 cm x 55 cm) from 1 to 28 D of age, in an environmentally controlled room (exhaust fans, heaters and air conditioning). From the 1st until the 7th day, cages were lined with wood shavings to help maintain thermal comfort to the chicks. Diets were fed in mash form and birds were allowed ad libitum access to feed and water, with 24 h lighting schedule throughout the study. The basal diets were formulated to meet the nutrient requirements according to the Brazilian recommendation Tables of chickens from 1 to 28 D. The formula and calculated levels are presented on Table 1 .
Vaccine Against Salmonella enteritidis: Immune Stimulation of Chicks
Bio-Enteritidis (a inactivated vaccination containing samples of PT4, PT4a, PT6a, PT7, PT7a and PT9; (Biovet Laboratories, Vargem Grande Paulista, Brazil) administered via intramuscular (breast muscle) at the dose of 0.5 mL/chick, was used to provide a cellular and humoral immune cells multiplication. The vaccination was performed at the ninth day for 320 broiler chicks only from the immune stimulated group.
Growth Performance, Lymphoid Organ Development and Mortality
The growth performance (body weight, body weight gain and feed intake) of the birds was evaluated for the whole experimental period (1 to 21 D) by weighing birds and leftover feed by replicate. Mortality was recorded daily, and feed conversion rate was calculated considering the weight of dead birds. At 21 D old, 8 birds from each treatment for both groups (non-stimulated and immune stimulated) were selected randomly, submitted to electrical stunning and then slaughtered by severing the jugular vein. The lymphatic organs (spleen, thymus and bursa) were removed immediately, carefully stripped of adhering connective tissue and individually weighed. Relative organ weights were calculated as percentage of body weight. The upper 3 lobes of the thymus from the left side of the neck were collected.
By the end of the trial, the percentage of mortality was calculated using the following formula: number of dead birds/number of birds on day one × 100.
Flow Cytometry Analyses
Seven days after the vaccination (16 D of age), blood samples were obtained by heart puncture from one random bird from each pen (immune stimulated and nonstimulated birds). These samples were collected with the aid of heparinized vacutainer tubes (Becton Dickenson Co., Franklin Lakes, NJ, USA) and kept at 2 to 8
• C. Then the samples were submitted to flow cytometer analyses in a FACSCalibur R (Becton Dickinson Co., Franklin Lakes, NJ, USA). A no-lysis-no-wash protocol was used for flow cytometry. Briefly, 50 μl of whole blood was stained with 1 μl (concentration was fluorophore-dependant) of primary antibodies (diluted in 10 μl) for 30 min at room temperature (antibodies shown on Table 2 ). Paraformaldehyde at 2.3% was used to fix the sample; it was added at 30 μl/sample and was kept for 30 min at room temperature. Following fixation, samples were diluted to 2 ml in PBS/1% BSA. The samples were then read in a FACSCalibur (BD). All samples were stained for CD45 (clone panleucocyte marker), which is SPRD-coupled (red, read at FL-3). CD45 bright+ cells were gated and then analysed for expression of other markers. Small debris were excluded from analysis. Anti-CD4, anti-CD8 and antiKul-1 were FITC-coupled (green, read at FL-1); anti-TCR Vβ1, anti-CD28 and anti-MHC class II were PElabelled (yellow, read at FL-2). At least 10,000 leucocytes were counted. Single-colour controls were used for diminishing spectral overlaps. All fluorophores were excited with an argon laser. 
ELISA Analyses of Immunoglobulins
Serum samples were collected from one random bird per experimental unit (n = 8) in immune stimulated and non-stimulated groups, and used to measure the concentrations of IgM and IgY isotypes, 19 D after the day of stimuli (28 D old). Indirect ELISA (Enzyme Linked Immunosorbent Assay) was used, in which the antigens were extracted from the same Salmonella vaccine used to immune stimulate the birds, and quantified by Bradford. After quantification, it was diluted in carbonate buffer with final concentration of 1 μg of protein in 100 μl. Then, this solution was added to each assay plate well and incubated at 4 to 8
• C for 16 h to allow protein adsorption in the well. The plate was then washed 3 times with a wash solution, when 100 μl the 1:400 serum:incubation buffer were added and the plate submitted to incubation at 37
• C for 1 h and then washed 3 times with wash solution. Then, 100 μl of block solution was added, with the aim to block areas where the antibody did not adhere, incubated at 37
• C for 1 h and then washed 3 times with wash solution. It used IgM and IgY conjugates (Sigma) in 1:15,000 and 1:30,000 conjugate:incubation buffer ratio, respectively, and incubated for 1 h at 37
• C. After that it was added OPD (o-phenylenediamine dihydrochloride) substrate and then the plate was incubated in a dark room for 40 min at room temperature. Stop solution (Sulfuric Acid 5%) were added before reading the plate. Absorbance was assessed using a 495 nm wavelength.
Macrophage Phagocytic Activity
At 19 D of age, 8 birds per treatment, 1 per pen (only for the non-stimulated group) were inoculated with intra-abdominal injection of Sephadex G-50 R (Sigma) at 3%, (1.0 mL/100 g of live weight) to migrate macrophages to abdominal cavity (Qureshi et al., 1986; Konjufca, 2004) . For this procedure, G-14 intravascular catheters were used. After 48 h, the birds were submitted to electrical stunning then euthanized by cervical dislocation. The abdominal cavity was opened slightly to perform the abdominal liquid collection with PBS (phosphate buffer solution). This step was conducted in an extremely clean environment, with the aid of sterile equipment. Previously, the abdominal liquid collection was prepared the saline solution of Escherichia coli (ATCC 8739). The bacterial concentration was determined spectrophotometrically using a standard curve at a reference wavelength of 625 nm. A stock solution (1 × 10 7 CFU/mL) was prepared by diluting in sterile PBS (pH 7.2). With the aid of a Neubauer chamber, macrophages were counted to make sure we were keeping the desired macrophage:bacteria ratio (1:10). The culture plates with 15 mm cover slips in the bottom, with the macrophage and bacteria solutions were incubated at 37
• C for 1 h. After that, the cover slips were removed from the culture plate, allowed to dry at room temperature and then stained with Panotico. On each slide 300 macrophages and the numbers of these cells with enclosed bacteria were counted. Phagocytic activity was calculated from the number of macrophages containing enclosed bacteria divided by the total number of macrophages counted. Slides that did not contain at least 300 macrophages were not considered for statistical analyses.
Statistical Analyzes
The results are reported as means with standard errors and all data were analyzed as a completely randomized design using the General Linear Models procedure of SAS 9.4 (SAS Institute, Cary, NC). Data were subjected to two-way ANOVA in a 2 × 2 factorial arrangement, where Mn source and arginine:lysine ratio were the main effects. Previously, the data were tested to outliers, normal distribution of residuals and homogeneity of variances, using the PROC UNIVARIATE function and Levene option of SAS, respectively. The immune stimulated and non-stimulated birds were separated to perform the analyses. Means were compared by pdiff option.
RESULTS

Growth Performance, Lymphoid Organ Development, and Mortality
The growth performance results from 1 to 21 D are presented in Table 3 . No differences due to the main effects (Mn source and Arg supplementation) or interaction of Mn source and Arg:Lys ratio was observed, regardless of the presence of the vaccination. Data of the lymphoid organ relative weight (Table 4) , also shown no statistical difference either in non-stimulated or immune stimulated birds. For the whole experimental period the percentage of dead birds was 1.88%. The mortality was similarly distributed among the four treatments.
Flow Cytometry Analyses
There was no interaction between the main effects (Mn source and Arg:Lys ratio) for non-stimulated or immune stimulated birds. However, non-stimulated birds fed diets with higher Arg:Lys ratio had higher percentage (P < 0.05) of mucosa T helper (CD4 + TCRvβ1 + ), T helper (CD4 + TCRvβ1 − ) and T cytotoxic (CD8 + CD28 + ), compared to the normal Arg:Lys ratio (1.12) (Figure 1 ). No differences were observed for activated T cytotoxic lymphocytes, suppressor monocytes or APC. The Mn sources tested did not influence any cell subpopulation assessed.
Interestingly, this response pattern (increased cell counting) for Arg supplementation compared to the basal level (Arg:Lys 1.12), was not found within the SE immune-stimulated birds. In turn, in immune stimulated birds, the main significant effect was for Mn source. Broilers fed exclusive inorganic Mn diet had a higher number of cells (P < 0.05) compared to associated sources for T helper (CD4 + TCRvβ1 − ), T cytotoxic (CD8 + CD28 + ), activated T cytotoxic (CD8 + CD28 − ), and APC (Kul − MHCII + ). For suppressor monocytes (Kul + MHCII), this pattern has changed, which birds fed MnAA had a higher amount (P < 0.05) compared to birds fed inorganic Mn. We also observed an increase of suppressors monocytes (Kul + MHCII − ) when Arg:Lys ratio was increased, in comparison to non-supplemented diets (Figure 2 ).
ELISA Analyses of Immunoglobulins
Indirect ELISA was performed for humoral immune response assessment for both groups: non-stimulated and immune stimulated. For the non-vaccinated group, there was no difference for IgM or IgY. In the immune stimulated group, the interaction may be seen for IgM, showed in Figure 3 . The supplementation of diets with MnAA resulted in increased IgM levels when birds were fed the basal Arg:Lys ratio, but not when fed increased Arg:Lys ratio (P < 0.05).
Macrophage Phagocytic Activity
With the purpose to quantify the macrophage activation, resulting in phagocytic capacity of the treated birds, this analyze was performed. No differences were observed in the main effects Mn source or Arg supplementation (Figure 4) . 
DISCUSSION
This experiment aimed to assess the combined effects of Mn-amino acid complex and Arg supplementation during immune stimulus condition on cellular and humoral-adaptive immunity and phagocytic capacity of macrophages of birds (innate immunity) previously immune-stimulated by a SE vaccine.
The isolated effects of supplementation with Arg to healthy birds have been reported in the literature, showing that the maintenance of the immune response requires higher levels of Arg than used in commercial diets. However, it was observed in the present study that during immune stimuli, the increased Arg level (from 1.48 to 1.58 %) was not sufficient to activate the lymphocyte populations. Taylor and colleagues (1992) demonstrated that only the intake of high levels of dietary Arginine (2.4%) was able to increase the lymphocyte populations in birds challenged by virus. Conversely, Tan et al. (2014) reported that increasing levels of Arg suppressed the percentages of both splenic and circulating B cells. They attribute the responses to an increase in H 2 O 2 production in in vitro macrophages, that indicates a boost of innate immune response that plays an important role in the defense against various infections (Seifert et al., 2011) .
It is understood that during lymphocyte activation, there is a clonal expansion generating effector and specific memory lymphocytes. For immune stimulated birds, there was smaller T cytotoxic lymphocytes (CD8+) percentage when birds were fed MnAA diets, compared to birds fed IM; despite this, the dietary supplementation with MnAA associated with a higher level of Arg, resulted in a higher production of antibodies (IgM, Figure 3 ). This demonstrates that birds fed MnAA could express an adaptive cellular response to vaccine stimulus in this period in a shorter, but more efficiently than birds fed inorganic Mn.
Salmonella killed vaccine generates cellular response, mainly by eliciting T cells, specifically Th1 cells (Babu et al., 2003; Chaudhari et al., 2012) , which plays an important role on the clearance of Salmonella infection in poultry (Withanage et al., 2005) . Additionally, oil adjuvant knowingly presents the capacity of, also, elicit a predominant Th1 response (Brunner et al., 2010) , which promotes the generation of cytotoxic T cells, markedly stimulating humoral as well as cellular responses (Radosevic et al., 2008) . Therefore, adjuvants can achieve qualitative modulation of the immune response and promote types of immunity not effectively generated by the non-adjuvanted antigens.
On the other hand, an increase of suppressors monocytes was observed when MnAA was added to the basal diet. Despite characterization of suppressor monocytes has not been complete in this study, myeloid cells that do not express MHCII can be considered suppressive (Peranzoni et al, 2010 , Dilek et al., 2012 .
It is well understood that circulating monocytes can block the function of lymphocytes, and are therefore named supressors. During inflammation, macrophages act as antigen-producing cells, enhancing the release of pro-inflammatory cytokines IL-1, IL-6, IL-12, TNF-α, and IFN y chemokines. They also produce reactive oxygen species such as superoxide anion, hydroxyl radical, hydrogen peroxide, and reactive nitrogen intermediates, which can contribute to the oxidative instability of the body. The aim of this process is to remove the inducer stimuli of the innate immune response, which is interspecific, decrease feed intake and induce various metabolic changes such as muscle catabolism to obtain substrates necessary for the immune system and hepatic metabolism leading to reduction of the nutrients available for growth and development. Rather, an acquired humoral immune response that has higher specificity, requires less metabolic changes and therefore, is more efficient. In this work, immune stimulated birds and supplemented with MnAA commercial Arg:Lys ratio showed higher level of IgM immunoglobulins, despite of smaller T cytotoxic lymphocytes (CD8+) percentage observed when birds were fed MnAA diets, compared to birds fed IM.
Mn has been identified as an important element in supporting normal immune functions in broiler chickens (Kidd, 2004) , as it interacts with neutrophils and macrophages through plasma membrane cells that are involved in immune response (Hurley and Keen, 1987) . Furthermore, Mn is a component of the superoxide dismutase metallo-enzyme, which converts superoxide peroxide ion, free radical that glutathione peroxidase enzyme eliminates during the process of phagocytosis.
Phagocytosis is an innate immune reaction for the clearance of bacterial infections of animals, which plays an indispensable role in the defense against various infections (Seifert et al., 2011) . Macrophages are a key arm of the innate immune defense system in intracellular bacterial killing (Ibuki et al., 2011) . The antimicrobial activities of macrophages are due to the generation of reactive oxygen species and reactive N species, such as H 2 O 2 and NO, which are important metabolites of Arg (Bronte and Zanovello, 2005 ). An in vitro study in channel catfish suggests that supplementation of Arg to cell-culture media enhances the phagocytic activity of head kidney macrophages (Pohlenz et al., 2012) . As in the present study, no significant influence was observed in the study published by Tan et al. (2014) . On the contrary, Sung et al. (1991) , found that NO production of macrophages was increased by a local concentration of Arg.
It is necessary to consider that a competition among arginase and nitric oxide synthetases for Arginine might happen. As a common substrate, it could lead to a reduction of the synthesis of NO, the main cytotoxic mediator of immune-activated effector cells and one of the most important regulating molecules of the immune system. This could lead to a major impairment to the bird immune capacity, leaving it more exposed to common challenges present in modern poultry production, as Salmonella or Clostridium.
Broilers from non-stimulated group were subjected to analyses of macrophage phagocytic activity with 19 days old. The percentage is provided by a ratio among the number of active macrophage divided by total macrophages counted × 100. There was no prejudice on macrophage phagocytic activity for the treatments assessed. As previously stated, NO is an important component of macrophage defense and activation, besides its capacity of modulate cytokines release (Xie et al., 1994; Guo et al., 2015) . As Arg is a common substrate of both NOS and arginase enzymes, Arg supplementation was able to keep macrophage activation capacity, even though arginine was being converted into ornithine and urea to be used as precursors for bone mineralization.
No differences were obtained in the present study regarding the effect of immune stimulation, Mn source or arginine supplementation on absolute or relative weight of organs. The size and development of lymphatic organs are directly correlated with the health status of animals (Abdukalykova and Ruiz-feria, 2006) . Conflicting results have been obtained in recent years about Arg supplementation/deficiency and development and size of organs related to the immune system. Authors have reported that feeding chickens with a diet that contains insufficient Arg level decreases the relative weight of bursa (Kwak et al., 1999; Konashi et al., 2000) . However, the diet supplemented with more than optimum Arg level increased the relative weight of spleen rather than cloacal bursa (Kwak et al., 1999) . In other studies, it has been reported that the level of Arg in the diet did not affect the relative weights of spleen and bursa of Fabricius in broilers (Kidd et al., 2001; Abdukalykova and Ruiz-feria, 2006; Cengiz and Küçükersan, 2010) . Bulbul et al. (2014) reported that the relative weight of bursa of Fabricius decreased in Arg-deficient birds during grower and finisher phases. This is in agreement with Kwak et al. (1999) and Konashi et al. (2000) . Furthermore, the relative weight of spleen increased when Arg was supplemented to the diet at starter phase (Kwak et al., 1999) .
In recent times, Mn has become an element of increasing concern because of extremely rapid growth of broiler chickens, which exerts additional stress on the skeletal structure. So, there is a need to reassess the responses of broiler chicken to higher levels of Mn supplementation with emphasis on performance, mineral uptake by the tissues and immune competence.
It is difficult to identify the potential association of Mn and Arg toward a greater immune competence as just isolated main effects were observed for most of the immune assessments. However, dietary supplementation with MnAA resulted in improved modulation of immunogenicity and better immune stimulus to produce humoral antibodies (IgM). Birds fed MnAA could express a cellular response to vaccine stimulus in this period more efficiently than birds fed inorganic Mn. Higher levels of Mn or more bioavailable sources may be needed to optimize the immune competence and improve immune response in broiler chicken. Increasing levels of MnAA in association with arginine supplementation should be evaluated for better understanding of the contribution of the Mn in the activity of arginase.
